Race and ethnicity are influential in estimating glomerular filtration rate (GFR). We aimed to find the Korean coefficients for the Modification of Diet in Renal Disease (MDRD) study equations and to obtain novel proper estimation equations. Reference GFR was measured by systemic inulin clearance. Serum creatinine (SCr) values were measured by the alkaline picrate Jaffé kinetic method, then, recalibrated to CX3 analyzer and to isotope dilution mass spectrometry (IDMS). The Korean coefficients for the 4 and 6 variable MDRD and IDMS MDRD study equations based on the SCr recalibrated to CX3 and to IDMS were 0.73989/0.74254 and 0.99096/0.9554, respectively. Coefficients for the 4 and 6 variable MDRD equations based on the SCr measured by Jaffé method were 1.09825 and 1.04334, respectively. The modified equations showed better performances than the original equations. The novel 4 variable equations for Korean based on the SCr measured and recalibrated to IDMS were 107.904×SCr 
INTRODUCTION
Chronic kidney disease (CKD) is a world-wide public health problem with adverse outcomes. Strategies to improve outcomes will require a global effort to detect patients with mild renal dysfunction (1) .
Glomerular filtration rate (GFR) is traditionally considered the best overall index of renal function in health and disease (2) . Estimation of GFR has been considered to be important with the increasing emphasis on the earlier detection and management of CKD. An accurate, convenient, and reproducible GFR estimation will help clinicians to understand the relatively correct prevalence of CKD and follow a proper action plan for patients with CKD (3). However, routine estimated GFR (eGFR) reporting with serum creatinine (SCr) values is not yet universal, and underestimation of reference GFR in higher renal function is a limitation of current estimating equations, especially for the screening of CKD or the determination of CKD prevalence in the general population (4) . The National Kidney Disease Education Program (NKDEP) currently recommends that GFR estimated above 60 mL/min/1.73 m 2 be reported simply as >60 mL/min/1.73 m 2 rather than as a discrete numeric value (5, 6) . In addition, there is no significant change of SCr levels at near-normal GFR values (7) .
Kidney Disease: Improving Global Outcomes (KDIGO) declared that estimating equations for GFR should be developed in large cohort including a variety of racial and ethnic groups for international comparisons (1) . Additionaly, the Kidney Disease Outcome Quality Initiative (K/DOQI) of the National Kidney Foundation recommends that GFR should be estimated from SCr values and by using the abbreviated Modification of Diet in Renal Disease (aMDRD) study equation in order to predict kidney function and make a diagnosis of CKD (8) . The MDRD study equation is significantly affected by race and ethnicity. A study of African-American has demonstrated that the ethnicity may influence GFR estimation by SCr based equations (2, 9) . And Chinese and Japanese coefficients for the MDRD study equations were also reported (3, 8) .
Although race is a very important element for estimating GFR, the Asian population was not included in the MDRD study. Further, equations from Chinese and Japanese studies are not immediately applicable to the Korean population because there are demographic differences among ethnicities and some methodological limitations in developing each coefficient. Therefore, we aimed to derive the ethnic coefficients of the MDRD study equations for Korean and to obtain novel proper estimating equations.
MATERIALS AND METHODS

Subjects
We recruited CKD patients (n=120) in outpatient department and healthy volunteers (n=31) from Seoul National University Hospital for the clinical study, 'Measurement of glomerular filtration rate and calculation of GFR estimates for Korean ). Inclusion criteria were as follows: 1) participants who agreed with the study and voluntarily signed on informed consent, 2) aged 18 yr or older. Exclusion criteria of this study were as follows: 1) rapid decline of renal function within 3 months, 2) edema or ascites, 3) proteinuria greater than 10 g/day or serum albumin less than 2.5 g/dL, 4) active infection, 5) coronary artery intervention i.e., coronary artery bypass graft (CABG) or percutaneous coronary intervention (PCI) within 1 yr (except stabilization after unstable angina or heart failure), 6) liver enzyme abnormality (serum AST/ALT greater than 2×upper normal range), 7) history of severe allergy like angioedema, 8) pregnant or lactating women, 9) gross hematuria, 10) oliguria less than 500 mL/day), 11) renal replacement therapy. This study was approved by the Institutional Review Board of Seoul National University Hospital (IRB No. 0701-006-193).
Measurements
Inulin clearance (Inutest) (10) Reference GFR was measured by systemic inulin clearance (Clin) (Inutest ® 25%, Fresenius Kabi Austria GmbH, Austria), in which sinistrin, an inulin analogue, is used as a substitute for inulin because it is more water soluble and easy to handle. The procedure started after an overnight fasting except for pure water one hour prior to injection. Two intravenous lines, one for injection and the other for sampling, were established. Hydration to produce a good urine volume was achieved by oral loading with pure water (10 mL/kg) for 2.5 hr. Participants had abstained from high integrity carbohydrate such as coffee, black tea, sugar, or juice. A blank blood sample was drawn, and inulin was then injected. We used a single shot method: A total of 20 mL of Inutest ® (5 g Sinistrin: equivalent to bounded fructose) was mixed with 30 mL of normal saline, and the mixture was injected at a constant rate over one minute. Participants drank 50 mL of pure water every 30 min. Six consecutive blood samplings (5, 10, 15, 30, 75 , and 150 min after the injection) were collected from the antecubital vein of opposite from inulin injection. Each blood sample was centrifuged at 2,500 rpm for 10 min. After serum extraction, it was preserved at −80°C until analysis.
Inulin concentration (μg/mL) was determined by HPLC method (11) . The HPLC system, with a delivery system, autoinjector, and ultraviolet detector was a Gilson Model (Gilson Inc., 305/ 306 HPLC Pumps, 234 autoinjector, 118 UV detector, Villiers Le Bel, France).
Reference GFR was determined by the systemic Clin, which was calculated by dividing the infusion dose with the area under the curve obtained by curve fitting. The plasma decay curves were fitted to a modified two-compartment pharmacokinetic model with zero order administration of the dose over one minute. Inulin clearance was normalized to a standard body surface area of 1.73 m 2 BSA using the Dubois-Dubois formula (12) .
Measurement of SCr concentration
SCr values were measured by the alkaline picrate Jaffé kinetic method using a Hitachi 7600 analyzer (Toshiba, 200FR, Japan).
To ensure that our SCr values were calibrated equally to those in the MDRD study, we randomly selected 40 fresh frozen serum samples from our specimens (ranging from 0.6 to 5.7 mg/ dL) and analyzed them in the Cleveland Clinic Reference Laboratory. The SCr values measured by our laboratory can be calibrated to those obtained using a CX3 (2, 7) GFR estimation was calculated by the following four equations.
Measurement of estimated GFR (eGFR)
• Abbreviated (a) MDRD equation=186×SCr − BUN and albumin levels were measured by the urease/GLDH and bromocresol green (BCG) methods, respectively.
Korean coefficients of the MDRD and IDMS MDRD study equations and novel equations for estimating GFR
A total of 151 participants were included, and four participants whose GFRs exceeded 130 mL/min/1.73 m 2 were excluded. The remaining 147 patients were used for further analysis. We intended to simplify the models by forcing the intercepts to be zero. We also reconstructed two additional regression models using the measured SCr levels, because recalibration of SCr values to the Cleveland Clinic Reference Laboratory values for applying MDRD study equations is cumbersome in clinical practice in Korea. Log transformation was applied before the linear regression, and linearity and equal variance tests were satisfactory. Due to the concern that retransformation back to the usual scale might induce bias, the eGFR equations were adjusted using the smearing method.
Statistical analysis
We used the R software (version 2.8.0; The Comprehensive R Archive Network: http://cran.r-roject.org) and SAS 9.1 (SAS Institute Inc., Cary, NC, USA). A Student's t-test was used for continuous variables and presented as mean±SD. The chi-square test was used for categorical variables. For comparison of methods used for GFR estimation, the method of Bland and Altman was applied (13) . Precision was expressed as the width between the 95% limits of agreement. Accuracy was measured as the percentage of estimated GFR that did not deviate >15, 30, and 50% from the reference GFR (systemic Clin). Bias was measured as the sum of area between the axis X and the slopes in Bland and Altman figure. Values of P<0.05 were considered statistically significant. 
RESULTS
Baseline characteristics of participants
Modification of MDRD study equations and overall performance
In the first linear regression, the intercepts of the modified MDRD and IDMS MDRD study equations were different from zero (22.37 for aMDRD with SCr values recalibrated to CX3; 17.15 for 4 variable IDMS MDRD). Although the intercepts of the modified equations were not assumed to be same with zero, we forced the intercepts to be zero to simplify application of the modified equations in real clinical practice. Then, the modified MDRD and IDMS MDRD study equations with ethnic coefficients were derived (equations 5-8) ( Table 2 ).
The overall diagnostic performances of the modified MDRD and IDMS MDRD equations with ethnic coefficients (equations 5-8) were compared with those of the original MDRD and IDMS MDRD study equations (equations 1-4). Linear regressions were made using eGFR compared to reference GFR (systemic Clin).
The slopes of equations 1 and 2 using SCr values recalibrated to the CX3 analyzer were significantly closer to the identical line after modification (equations 5 and 6) (P<0.05). However, the changes of the slopes of equations 3 and 4 using SCr values recalibrated to IDMS were not statistically significant after modification (equations 7 and 8). The adjusted r 2 values (equations 1-4) were not changed after modification. The mean difference and absolute difference of equations 1 and 2 significantly fell after modification (equations 5 and 6) (mean difference: from 4.4 and 5.2 to −7.9 and −7.1, P<0.05; mean absolute difference: from 15.0 and 14.8 to 12.0 and 12.1, P<0.05, respectively). The mean difference of equations 3 and 4 also decreased after modification (equations 7 and 8) (from −4.4 and −2.3 to −4.6 and −4.5, P<0.05), but the mean absolute differences remained unchanged.
The biases of the modified MDRD study equations (equations 5 and 6) were much less than those of the original MDRD study equations (equations 1 and 2). The biases of the IDMS MDRD study equations were not changed after the modification, with exception of the 6 variable IDMS MDRD study equation. Fifteen to thirty percent accuracy of most modified MDRD and IDMS MDRD study equations were higher than those of the original equations, although statistical significances were not valid ( Table  3 , Fig. 1 ).
Novel GFR estimating equations and overall performance
Calibrat ed CX3 SCr values were needed for the simple modification of the MDRD study equations (equations 1, 2, 5, and 6), but such calibration is not convenient for clinical application in Korea. Therefore, we tried to reconstruct another regression models with ethnic coefficients using the SCr values measured by the Jaffé kinetic method using a Hitachi 7600 analyzer (equations 9 and 10). These equations were also obtained after adjustment using the smearing method (Table 4) .
Then, we derived novel equations to permit more accurate estimation of GFR by using multiple linear regression models.
Equations with SCr values measured by a Hitachi 7600 analyzer included:
• Four variable equation=107.904×SCr MDRD and IDMS MDRD study equations aMDRD (1) 6v MDRD (2) 4v IDMS MDRD (3) 6v IDMS MDRD MDRD and IDMS MDRD study equations multiplied by the Korean ethnic coefficients aMDRD (5) 6v MDRD (6) 4v IDMS MDRD (7) 6v IDMS MDRD (8) The biases of equations 9-12 were much less than those of the original MDRD study equations (equations 1 and 2). The biases of the equations using SCr values recalibrated to IDMS increased after modification with ethnic coefficients. Fifteen to thirty percent accuracy of equations 9-12 were higher than those of the original MDRD study equations (equations 1 and 2) (P< 0.05). Fifteen to thirty percent accuracy of equations 13 and 14 were improved against equations 3 and 4, although statistical significance was not valid (Table 5 , Fig. 2) .
The performance of the equations was analyzed after dividing participants based on systemic Clin less than or greater than 60 mL/min/1.73 m 2 . In the group of participants with systemic Clin less than 60 mL/min/1.73 m 2 (n=85), the bias, precision, and accuracy of the original MDRD equations were not changed after the modification. In the group of participants with systemic Clin of 60 mL/min/1.73 m 2 or more (n=62), the bias was significantly decreased after the modification, even though precision and accuracy were not significantly improved (data not shown).
DISCUSSION
About fifty thousand patients were receiving renal replacement therapy by the end of 2008 in Korea (hemodialysis, 33,427; peritoneal dialysis, 7,840; kidney transplantation, 10,722) (14) . The number of patients and the budget to support those patients is increasing by a geometric progression. However, the increased prevalence of end stage renal disease patients accounts for just small portion of the huge number of CKD patients. To allow clinicians to recognize early CKD patients and figure out the prevalence of CKD in Korean population, we derived ethnic coefficients modifying the original MDRD and IDMS MDRD study equations from participants with all stages of renal function. Ethnic coefficients for the 4 and 6 variable MDRD/IDMS MDRD study equations based on SCr values recalibrated to CX3 analyzer and to IDMS were 0.73989/0.74254 and 0.99096/0.9554, respectively, and SCr measured by the Jaffé method using a Hitachi 7600 were 1.09825/1.04334 (Tables 2, 4) .
In the present study, the modified MDRD study equations with ethnic coefficients based on SCr values recalibrated to CX3 analyzer (equations 5 and 6) and SCr measured by the Jaffé Modified MDRD study equations using measured SCr values by a Hitachi 7600 and multiplied by the Korean ethnic coefficients (9, 10) aMDRD (9) 6v MDRD (10) 5.84 (0.57,11.11 Novel equations for Korean population using SCr values measured by a Hitachi 7600 (11, 12) and recalibrated to IDMS (13, 14) aMDRD (11) 6v MDRD (12) 4v IDMS MDRD (13) 6v IDMS MDRD (14) 12.48 (7. method using a Hitachi 7600 (equations 9 and 10) showed better performance than did the original MDRD study equations (equations 1 and 2), although these improvements were not always statistically significant. These results guarantee that we could easily apply these ethnic coefficients and equations for usual clinical practice in Korea. The modified MDRD study equations with ethnic coefficients based on SCr recalibrated to CX3 analyzer showed more underestimation. This finding may originate from our statistical intention to force the intercept to be zero to permit simple practical application. In fact, the intercepts of the modified MDRD equation were different from zero (22.37 for the aMDRD and 21.74 for the 6 variable MDRD). Statistical design forcing the intercept to be zero also explains the discrepancies between the Korean coefficient of 0.74 and the Japanese coefficient of 0.881 (8) . Because the procedure of recalibration to the CX3 analyzer is cumbersome and impractical as well, we suggest that modification of the original abbreviated and 6 variable MDRD equations with 1.09825 and 1.04334 (based on the locally measured SCr values by the Jaffé method) would be more clinically useful.
Although modification of the MDRD study equations with the measured SCr values (equations 9 and 10) showed sufficiently good slopes, biases, and accuracies, the ethnic coefficients of the IDMS MDRD study equations were close to '1' and the modified IDMS MDRD study equations showed comparable performance to equations 9 and 10. IDMS, high order reference method, have been developed for the assignment of reference materials and proficiency testing using a commutable specimen made each institution derives the correlation coefficient for individual measurement methods versus reference measurement procedures (6, 15) . Additionally, calibration improved the performance of the MDRD study equation, although larger errors still remained for GFR estimates greater than 60 mL/min/1.73 m 2 after calibration (16) . Based on our results and those of others, we suggest that the IDMS MDRD equation will also offer a plausible option hereafter.
In contrast to the meaningful change in the GFR, there is no significant change in SCr levels for near normal GFR levels. The NKDEP currently recommends that a GFR estimated above 60 mL/min/1.73 m 2 be reported simply as >60 mL/min/1.73 m 2 rather than as a discrete numeric value (5, 6) . Variation in the calibration of the SCr values, biologic and measurement variability of GFR at higher levels, and the use of an equations developed in a population with CKD provide possible explanations for the variable results of estimation in a population without the disease (5) . In this study, percentages of estimated GFR above 60 mL/min/1.73 m 2 increased after the modification of equations 1 and 2 in CKD stage 2. Further, equations modified with ethnic coefficients generally showed better discrimination of estimated GFR less than 60 mL/min/1.73 m 2 in CKD stage 3 (data not shown). This means that clinicians could identify patients who should be managed more carefully and prevent the useless consumption of medical resources. Of course, modification of the MDRD study equations based on SCr values recalibrated to CX3 analyzer (Cleveland Clinic Reference Laboratory) (equations 5 and 6) may result in over-treatment of patients due to GFR estimation. Because the original MDRD study equations overestimated the real GFR for participants with normal to moderate renal dysfunction (slopes for 4 and 6 variable MDRD equations: 1.32 and 1.31, respectively), however, underestimation with the modified MDRD study equations might help clinicians to screen CKD patients more easily. In summary, we suggest that modification of the MDRD study equations with ethnic coefficients (equations 5-10) is very useful and should be adopted into routine clinical practice.
Ma et al. (3) reported that using a Chinese coefficient of 1.233 for the original abbreviated MDRD equation improved the GFR estimation for the Chinese population. However, the coefficient of 1.233 is much higher than the Korean coefficient of 0.74 and the Japanese coefficient of 0.881 (based on the SCr values recalibrated to CX3 analyzer) (8) . Several criticisms to the result of the Chinese population study exist, including false measurement unit for creatinine, use of 99m Tc-DTPA (which differs substantially from renal clearance), and GFR measurement after breakfast.
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I-iothalamate and radio-labeled DTPA renal clearance seem to overestimate the GFR by about 5 mL/min/1.73 m 2 compared to inulin clearance, and Agarwal et al. reported that plasma clearance over 4 hr overestimated the GFR by 22% to 50% (17, 18) . All of these matters may explain the discrepancies among the coefficients for East Asians. GFR is measured using a variety of methods and filtration markers. Urinary Clin, using a constant infusion, has long been recognized as the gold standard method (19) . However, multiple complications (e.g., glucose interference and the difficulty in adequate collection of urine) have led to the development of alternative methods (19) . Total systemic Clin overestimated urinary Clin, however, it had a much better reproducibility than did the urinary Clin. And the difference in results generated by the single injection method and continuous infusion method in children was small and was considered acceptable in clinical practice (20, 21) . Determination of systemic Clin with a single injection method is therefore a method of general validity for measuring the GFR without urine collection (21, 22) . Theoretically, it is even possible that the single injection method may provide a more accurate representation of urinary Clin than the continuous infusion method (23) . In this study, urinary Clin was greater than systemic Clin (Y= 1.199×X+1.087, r=0.797). Multiple stepwise errors during timed urine collection and sample dilution occurring due to excessive inulin concentrations in the urine might explain this finding. We suggest that the acquisition of systemic Clin would offer a better approach to measure the GFR, and previous several evidences lead us to believe that the Korean ethnic coefficients are more plausible than Japanese coefficients.
When the calibration of SCr methods is traceable to the SCr reference system, GFR should be estimated using the MDRD study equation that has been re-expressed for standardized SCr values (23). Imai et al. reported that the Japanese coefficients for the 4 variable IDMS MDRD study equation was 0.763/0.808 (24, 25) . These values are markedly different from the Korean coefficient of 0.99. Imai et al. used continuous renal Clin to measure GFR, whereas we used total systemic Clin after single shot injection of inulin. Differences in the reference GFR, creatinine calibration, inclusion and exclusion criteria, and statistical method used may explain the differences in the coefficients for the two ethnicities. More studies to identify and verify the IDMS MDRD study equation coefficients for Korean and other populations in Asia are required. Other variables with the potential to predict GFR (e.g., serum cystatin C) may be included to improve the performance of the GFR estimating equations, especially in the early stages of CKD (26) . Recent investigations suggest that cystatin C may be a better filtration marker than SCr, especially at higher levels of GFR. Novel estimations of GFR using cystatin C for Korean, based on the participants of this study, will be reported soon.
This study is superior to previous studies because both CKD patients and healthy volunteers were recruited for this study. Thus, ethnic coefficients and novel equations reported here are easily applicable for screening and monitoring CKD (27) . However, it is the limitation of this study that the study population was restricted to patients with native kidney disease and without serious comorbid conditions that would exclude them from DOI: 10.3346/jkms.2010. 25.11.1616 participating in clinical trials. And the fact that we did not validate estimation equations described above is the limitation of this study.
In conclusion, Modified estimations of the MDRD and IDMS MDRD study equations with ethnic coefficients and the novel equations improve the performance of GFR estimation for the overall renal function. Another study to validate these estimation equations and to compare systemic Clin (using sinistrin) with urinary inulin clearance will be needed. Furthermore, we assert that future studies (based on SCr values recalibrated to IDMS) to identify and verify the novel equations for East Asian population using the same GFR measurement protocol and eligible criteria should be performed.
